A wide range of anthropogenic structures exist in the marine environment with the extent of 14 these set to increase as the global offshore renewable energy industry grows. Many of these 15 pose acute risks to marine wildlife; for example, tidal energy generators have the potential to 16 injure or kill seals and small cetaceans through collisions with moving turbine parts. Information 17 on fine scale behaviour of animals close to operational turbines is required to understand the 18 likely impact of these new technologies. There are inherent challenges associated with 19 measuring the underwater movements of marine animals which have, so far, limited data 20 collection. Here, we describe the development and application of a system for monitoring the 21 three-dimensional movements of cetaceans in the immediate vicinity of a subsea structure. The 22 system comprises twelve hydrophones and software for the detection and localisation of vocal 23 marine mammals. We present data demonstrating the systems practical performance during a 24 deployment on an operational tidal turbine between October 2017 and October 2019. Three-25 dimensional locations of cetaceans were derived from the passive acoustic data using time of 26 arrival differences on each hydrophone. Localisation accuracy was assessed with an artificial 27 sound source at known locations and a refined method of error estimation is presented.
To understand interactions between animals and structures, information on under-water 48 movements of animals around them is required. A number of technologies including video, infra-red 49 based detection, and radar have been used to detect and track birds and bats around windfarms to 50 inform estimates of collision risk [6] . However, there are inherent challenges associated with 51 measuring the underwater movements of marine animals, particularly in highly energetic and turbid 52 environments. Movement tags (e.g. Johnson and Tyack, 2003) have been used to study the 53 underwater behaviour of marine mammals, particularly in response to underwater sound (e.g., 54 Wisniewska et al., 2016). However, difficulties in deploying and recovering tags, limited deployment 55 periods (days or weeks), and the fact that a tagged animal may never visit a structure of interest, 56 mean that for many species tagging programs are unlikely to yield fine scale data at very specific 57 locations.
58
Small cetaceans are highly vocal, using echolocation clicks to actively sense their environment [9] .
59
Harbour porpoises (Phocoena phocoena) produce narrow-band high-frequency clicks with a centre 60 frequency of 130kHz and a duration of 77s [10, 11] . Most delphinid species produce broader V7 27/1/2020 4 61 band echolocation clicks with energies mostly between 30 and over 100kHz [9] . Unlike harbour 62 porpoise, dolphins also produce whistles which can be highly variable but are mostly between 63 around 5 and 20kHz with durations of less than a second (e.g., May-Collado and Wartzok, 2008;
64 Quick and Janik, 2008) . Arrays of hydrophones can been used to detect and locate cetaceans 65 underwater (e.g., Watkins and Schevill, 1972; Macaulay et al., 2017) and it is possible to track the 66 movements of cetaceans in the vicinity of anthropogenic structures [16] .
67
Here we describe a hydrophone system to detect, classify and localise individual cetaceans with a 68 high degree of spatial and temporal accuracy. We describe both the hardware and software and 69 discuss the key principles and limitations when using hydrophone arrays to localise cetaceans in 70 three dimensions (3D). We then report on the practical performance of the system through a study 71 where it was deployed on an operational commercial-scale tidal turbine.
72
3 Materials and Methods
73
To collect data on the 3D movements of harbour porpoises and other small odontocetes around 74 anthropogenic structures, we designed and built a hydrophone array and acoustic acquisition and 75 processing system. We then deployed the system and collected data over a two-year period 76 between October 2017 and October 2019. hydrophones are in different clusters) and e i are unit vectors along the x, y and z axis, then the 177 variance in the time difference of arrival for a hydrophone pair will be
where c is the speed of sound.
181
Finally, if c is the error in the estimated speed of sound then 182 2
Where T is the expected time delay, i.e.
Once the errors for each TOAD measurement for a candidate localisation have been estimated, it is 186 possible to calculate a log likelihood estimation for that position, where 187 4
Where TM i is the measured time delay between the j th hydrophone pair. Note that many Log
189
Likelihood estimators drop the first term in equation 5 since it is constant. Here however, t j varies 190 with location, so the term is retained.
191
The log likelihood function for each localisation was maximised using a Simplex algorithm [21] . To 192 avoid the problem of the optimisation function finding local rather than the true maximum, four 193 random starting points were selected for each localisation, with the first start point being the centre 194 of the array and the subsequent ones being offset by a random distance in each dimension using a 195 number drawn from a Gaussian distribution with width equal to the arrays maximum aperture.
196
Bearings to the sound source remain accurate with distance so long as there is a greater than 10dB but it is intended that the TSS (and hence the monitoring equipment) will remain in situ for 25 years.
253
The monitoring equipment receives power from the turbine's auxiliary power supply, so it was only 254 possible to operate the system with the turbine in place.
255
Several different PAMGuard modules were configured for the detection of echolocation clicks, first month of operation while detector settings were adjusted. Following this period, a 10s long, 278 500kHz sample rate recording was made every hour for diagnostic purposes. The primary data 279 output from the system was from the detectors and noise monitoring modules described above.
280
These were stored in files on the onshore computer's hard drive in a proprietary binary data format.
281
The size of these files varies depending on numbers of detections and levels of operational noise but 282 were typically around 3 Gigabytes per day.
283
Bi-weekly checks of the system were made using remote desktop software. The network connection 284 was insufficient for data transfer, so data were copied to portable hard drives and sent by post to 285 our lab once per month for permanent storage and further analysis. 4 Results
299
The system was deployed on 24 th October 2016. Due to problems with the power supply to our 300 equipment, data collection was only able to start on 19 th October 2017 and then continued until the 301 turbine was removed for maintenance on 22 nd September 2018. During this initial 338 days of than the other eleven. We believe that this is electrical noise, probably caused by one half of a 307 differential amplifier input becoming disconnected. Although some louder signals are still visible on 308 this hydrophone, only the other eleven hydrophones were used in localisation.
309
A typical set of click waveforms recorded on the three hydrophone clusters is shown in Fig. 3 . Echoes 310 of the signals are visible on several channels, typically occurring between 100 and 200s after the 311 initial signal. This delay is consistent with echoes from objects between 7.5 and 15cm away so 312 probably came from the hydrophone mounting structures. 
326
During the trial the sound source was above the blades, at least 24m above the hydrophones, so it is 327 likely that localisation errors would be smaller within the area swept by the rotors, which is closer to 328 the hydrophones. 
381
While our results show that the system can accurately localise cetacean vocalisations, it is important 382 to consider the limitations to the range at which cetaceans can be detected. This is a function of 384 activities. Here, noise varied by 20dB over the tidal cycle and with turbine operation, meaning that 385 cetacean detection probability would be lower during peak tidal flows. This is important here 386 because high flow periods coincide with turbine rotation and hence, when there may be risk of 387 collision. We do not know from these data whether the noise is transmitted to our hydrophones 388 through the steel turbine support structure and how much of the noise is present in the water 389 column, which might alert animals to the presence of the turbine. Risch et al., (in review) measured 390 in-water noise levels around the turbine using drifting hydrophones, and showed that the 20kHz 391 noise present in our data is higher than ambient noise levels out to a range of 200m and that lower 392 frequency sounds generated by the turbine are 5dB above ambient levels over 2km from the 393 turbine.
394
The overall false positive rate of the click detection system was very high; only 0.02% of detected 395 transients were retained after manual screening. This is unsurprising since the detectors were 396 configured to reduce stored data to a manageable quantity rather than to classify with high 397 precision. The task of extracting events took approximately one or two days manual processing for 398 each week of data. To streamline this process for future studies, the annotated data from this first 
412
Although the study described here deployed the system on a tidal turbine, similar arrays could also 413 be used to study fine scale movement of vocalising animals around a range of other anthropogenic 414 activities such as fish farms, ports, or other energy exploration and extraction devices during both 415 construction and operation. We used three tetrahedral clusters of hydrophones since it suited the 416 geometry of the available mounting structure and reduced cabling and underwater connectors.
417
However, the localisation methods can be applied to hydrophones in almost any configuration so 418 long as they are distributed about the volume of interest and they are spatially close enough to each 419 other that sounds are likely to be received on a sufficient number of receivers. Optimal spacing may 420 also vary for different cetacean species given differences in vocal behaviour and characteristics.
421
Passive acoustic monitoring alone is unable to localise animals which cease vocalising and is less 422 likely to detect animals orientated away from the structure. Classification and tracking accuracy may 423 be improved through the integration of other sensor systems on the platform. For example, high 424 frequency multibeam sonar has proven to be highly effective for the detection and classification of 425 small marine mammals; integrating this would potentially provide a means of detecting and tracking 426 species that vocalise infrequently or not at all [28] .
427
In conclusion, the results presented here show that arrays of hydrophones are an effective means of 428 detecting and tracking small cetaceans out to ranges of tens of metres from anthropogenic 429 structures over extended time periods. The system provides an efficient means of reducing data 430 volumes to manageable sizes and provides the basis of an effective long-term monitoring tool for 431 identifying and tracking individual animals in discrete locations. From a conservation and 432 management perspective, the approach can be used for monitoring cetacean movements around 433 potentially high-risk anthropogenic activities or structures such as tidal turbines.
